Abstract. Radicals like atomic oxygen, the hydroxyl OH and charged particles directly affect outer membranes of biological cells such as microorganisms. Low pressure glow discharges of oxygen and hydrogen peroxide (3% concentration H 2 O 2 ) produced these radicals and charged particles, and their effect on the inactivation or destruction of Bacillus subtilis were investigated. Artificially contaminated 65 cm 2 Petri dishes with a pure culture of the microorganism were used to test the efficiency of the plasma treatment. Cell density of the spore suspension of a 24-hour nutrient agar containing the culture is estimated at 1.5x10 9 cells/ml using standard plate count techniques. The effect of varied discharge conditions (450V and 500V), gas flow rate (20-60 sccm), sample temperature and exposure time (30-60 minutes) on the decimal reduction value (DRV or D-value), that is, the time required to inactivate or destroy 90% of the original population of microorganisms were determined.
Introduction
Sterilizaton is a process that brings about the destruction or elimination of microorganisms [1] . A means of sterilization, which is fast, effective and safe to handling personnel and to the environment, is imperative in modern day medical practice. This is to prevent the huge number of outbreaks due to cross-infections from contaminated and inadequately sterilized tools [2] . Various methods of sterilization are used to address these problems of contamination and cross-infection. These methods can be grouped as to what degree of temperature or moisture content is required for the sterilization process. The most widely used method is the autoclave, which employs moist heat in the process [3] . This is inappropriate, however, for moisture-sensitive instruments and is easily damaged by high temperatures. Ethylene oxide is the principal option for low temperature sterilization. But the toxicity of the gas and the relatively long duration (> 18 hours) of treatment are major drawbacks.
Glow discharges have recently been considered for use in various medical and environmental applications as alternatives for sterilization of contaminated surfaces of medical tools and in plasma treatment of organic pollution in water [4, 5] . The short processing time with plasma sterilization cycles reported between 5-20 minutes, and temperatures of sterilization products kept at < 60 o C [6] make the process advantageous over other competitive processes. Another advantage is that the plasma does not employ chemicals that are carcinogens, mutagens or reproductive hazards.
In this work, we report the destruction or inactivation of Bacillus subtilis on artificially contaminated dish using low pressure glow discharges of oxygen and hydrogen peroxide. The effect of varied discharge conditions (450V and 500V), gas flow rate (20-60 sccm), sample temperature and exposure time (30-60 minutes) on the decimal reduction value (DRV), that is, the time required to inactivate or destroy 90% of the original population of microorganisms were investigated. Obtained DRV, cycle times and temperature values are much better then for common sterilization methods like autoclave, dry heat and gas like ethylene oxide.
Experiment
Experimental Set-up. A low pressure gas discharge plasma sterilizer is used in this study. The experimental set-up is shown schematically in Fig. 1 . It consists of the vacuum chamber, power source, plasma electrodes, diagnostic ports for probes, thermocouple and vacuum gauges. The chamber is made of stainless steel 20.3 cm in diameter, 21.6 cm long and 8 mm thick. The anode is made of a stainless steel shower cap, 16.5 mm long and 40.0 mm in diameter. About 120 holes of diameter 1.0 mm are bored equidistant from each other on the cap. These are intended for uniform and homogenous gas feed between electrodes. The cathode, of similar dimensions as the anode, is made of molybdenum. The distance between electrodes was adjusted in order to give maximum exposure of the samples to the negative glow of the discharge. A type K thermocouple is connected to a microprocessor controller to monitor the substrate temperature. Mass flow controllers regulate the oxygen gas flow into the chamber. Operating pressure for oxygen gas is 2.5 Torr. A small cylinder is used for the hydrogen peroxide solution (3% concentration). The vapor flow from the cylinder is controlled by a low leak needle valve placed between the cylinder and the main vacuum chamber. Operating pressure for H 2 O 2 is 0.65 Torr. Base pressure is of the order of 10 -6 Torr. Pressures are monitored by a single channel measurement and control gauge. Ionization of the gas is initiated by a power source rated at 650V and 2A. Prior to actual sterilization, the chamber is discharge-cleaned with argon plasma initiated at 200 sccm, 340 volts potential and 1.6 A current. dilution factor of 10 -1 . One ml of the solution of 10 -1 dilution factor is added to another 9 ml peptone solution using another pipette. This solution would now have a dilution factor of 10 -2 . This process is repeated until the dilution factor reaches 10 -7 or less. Each test tube is swirled after every dilution. Only after the dilutions are completed can plating be performed. After dilution, one ml of the suspension with 10 -1 dilution factor is transferred to a sterile Petri dish using a pipette. Using another pipette, one ml of the 10 -2 dilution factor is transferred to another Petri dish. This is performed for all dilutions. The dishes are labeled accordingly. About 20 ml of pre-cooled NA is then added to each Petri dish. Each dish is swirled gently to mix the suspension with the agar and then set aside until the NA cools. As control, 20 ml of NA is poured into a Petri dish with no suspension. When the NA has set, the inoculated dishes were sealed with Nasco film and incubated in upright position for 24 hours at 37 o C. It is expected that each bacterial cell will give rise to a colony after 24 hours. Thus the number of colonies is used to estimate the number of cells. The dilution was performed to spread the forming colonies and make them countable. Performing a colony count on the undiluted suspension would yield colonies that overlap with each other thereby making it impossible to distinguish and count every single colony. The number of colony-forming units (CFU) is the product of the average number of colonies per plate and the dilution factor. Cell density of the suspension was estimated to be equivalent to 1.5 x 10 9 cells/ml using standard plate count method [7] . All microbiological procedures were conducted using the aseptic technique.
Each inoculated Petri dish was positioned on the molybdenum electrode cap. Evacuation procedures were done and the required gas pressure was introduced. Plasma is produced with the application of the appropriate breakdown voltage. The samples were exposed to the plasma treatment between 30 to 60 minutes. The CFU are plotted with respect to treatment time. These plots depict the survival curves, which graphically show the actual decrease in the population of the microorganisms under treatment. In the process, temperatures were being monitored. Most survival curves (plotted on semi-logarithmic scale) show linear plots indicating an exponential decrease in the population [2] . Thus N(t) = N o e -kt , where N(t) is the population at time t, N o is the original population, and k is the cell kill rate. The D-value is D = t / (log N o -log N s ), where t is the time to destroy 90% of the original population N o and N s , the surviving population. The denominator is the sterilization efficiency for the particular method.
Using the same standard plate count method, the microorganism populations of plasma-treated and control samples were compared. Table 1 summarizes the experimental runs. Fig. 2 is the survival curve result for the 450 V discharge. The trend line gives a cell kill rate of 0.0542. The D-value is found to be 18.45 minutes. The percentage of destruction for a plasma exposure time of 60 minutes is 98.49% for this discharge. Fig. 3 on the other hand is the result for the 500 V discharge. The cell kill rate for this case is 0.0845 and the D-value is 11.83 minutes. The corresponding percentage of destruction for a 60-minute plasma exposure is 99.6%. The higher power leads to higher efficiency of destruction. More energetic electrons and active species are able to interact with the microorganism. For Gram-positive bacteria like Bacillus subtilis, the outer membrane is composed of a thick murein layer of about 15-80 nm. This outer layer, however, is very irregular in shape causing the accumulation of charges on the cell surface leading to the production of an electrostatic force, which overcomes the tensile strength of the cell membrane [8] , thereby destroying it. To address the issue of heat-sensitive instruments, the sample holder was connected to a thermocouple to simulate the temperature during treatment. The temperature profile is shown in Fig. 4 . Noticeably, the temperature does not exceed 121 o C, the operating temperature of an autoclave. The chosen microorganism, Bacillus subtilis and most spore-forming bacteria are capable of withstanding the range of Oxygen Plasma. For the case of oxygen, the potentials were varied at 385 V and 405 V, for stable discharges. The gas flow rate was also varied to determine its effect on the efficiency of sterilization. Figure 5 shows the survival curve and trend line for the 385 V, 20 sccm discharge. The cell kill rate is 0.0946 and the D-value is 10.57 minutes. Figure 6 shows the temperature profiles for the 20 sccm and 60 sccm , 385 V discharges. In comparison with the temperature profile associated with the hydrogen peroxide plasma (Fig. 4 ) the peak temperatures obtained for the oxygen plasma are only about half. So, heat is not a problem for the oxygen plasma. The percentage of destruction for the oxygen plasma exposure of sixty minute is 99.33%. The efficiencies of sterilization are compared for both hydrogen peroxide and oxygen plasmas. The summary is presented in Table 2 . The highest efficiency is attained for the 500V hydrogen peroxide discharge. However, the temperature factor suggests that it would be more sensible to employ the oxygen plasma. The temperature profile for oxygen shown in Fig. 7 indicates that temperature does not peak beyond 41 o C during the treatment.
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Conclusion
Low pressure glow discharges of oxygen and hydrogen peroxide (3% concentration H 2 O 2 ) were used to investigate their efficiency of destruction or inactivation of Bacillus subtilis on artificially contaminated Petri dishes. The effect of varied discharge conditions (450V and 500V), gas flow rate (20-60 sccm), sample temperature and exposure time (30-60 minutes) on the decimal reduction value (RDV) of the microorganisms were determined. Results indicate that for the H 2 O 2 plasma, at a discharge potential of 500V, the RDV is 11.83 minutes with a 99.6% destruction of microorganisms in 60 minutes. For oxygen plasma, the RDV is 10.57 minutes and 99.33% reduction in 60 minutes. The sample temperature in the H 2 O 2 plasma exposure reached a maximum of 109 o C in an hour, while that in the oxygen plasma peaked at 46 o C in less than an hour. These RDV, cycle time and temperature values are much better when compared to common sterilization methods like autoclave, dry heat and gas like ethylene oxide. The glow discharge facility described in this work could very well serve the modern sterilization needs of medical practitioners.
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